All commercial influenza vaccines elicit antibody responses that protect against seasonal infection, but this approach is limited by the need for annual vaccine reformulation that precludes efficient responses against epidemic and pandemic disease. In this study we describe a novel vaccination approach in which a nanoparticulate, liposome-based agent containing short, highly conserved influenza-derived peptides is delivered to the respiratory tract to elicit potent innate and selective T cell-based adaptive immune responses. Prepared without virus-specific peptides, mucosal immunostimulatory therapeutic (MIT) provided robust, but short-lived, protection against multiple, highly lethal strains of influenza in mice of diverse genetic backgrounds. MIT prepared with three highly conserved epitopes that elicited virus-specific memory T-cell responses but not neutralizing antibodies, termed MITpep, provided equivalent, but more durable, protection relative to MIT. Alveolar macrophages were more important than dendritic cells in determining the protective efficacy of MIT, which induced both canonical and non-canonical antiviral immune pathways. Through activation of airway mucosal innate and highly specific T-cell responses, MIT and MITpep represent novel approaches to antiviral protection that offer the possibility of universal protection against epidemic and pandemic influenza.
INTRODUCTION
Viral infections of the lung are caused by some of the most important and lethal human pathogens, producing debilitating infections that can be lethal in the immunosuppressed and those at the extremes of age ( http://www.cdc.gov/flu/about/ disease/index.htm ). Although many causes of respiratory infection represent regional health concerns, influenza is a global health threat producing symptomatic disease in up to 20 % of children and 5 % of adults annually. 1 In addition to a continuous, lowlevel disease prevalence, the influenza virus induces seasonally enhanced disease incidence on local (epidemic) and global (pandemic) scales. Influenza infects and kills lung and airway cells, leading to potentially overwhelming inflammation accompanied by fever, cough, and difficulty in breathing. A majority of annual cases and pandemics are because of influenza A (70 % ) with less frequent cases caused by influenza B (30 % ). 2 Although little has changed conceptually since their first scientific description > 200 years ago, vaccines today represent a first line of defense against respiratory pathogens. 3 Almost all influenza vaccines currently involve a single intramuscular injection of killed virus or a suspension of viral proteins containing aluminum-based adjuvants and are produced from infected chicken eggs. 4 A second type of vaccine, Flumist, is applied to the nasal mucosa through aerosol delivery and elicits a limited infection. 5 Both vaccines induce primarily antibody responses that inhibit viral infection of airway cells. Current influenza vaccines are extremely safe, except for excluded subject groups (egg-allergic subjects and, for Flumist, immunocompromised, pregnant, and elderly subjects) and are relatively effective. 6, 7 Despite such benefits, annual influenza vaccination often fails to prevent serious infections in elderly and institutionalized patients. 8 Furthermore, many find the requirement for intramuscular injection objectionable, suggesting an important barrier to more widespread and effective vaccination campaigns. An additional limitation of all current influenza vaccines is the requirement for annual reformulation because of mutations arising regularly within the influenza genome. The " just-in-time " strategy for influenza vaccine production is susceptible to a wide variety of misadventures ranging from selection of subdominant virus strains, as occurred in the 2007 and 2008 season, 9 to Multistrain influenza protection induced by a nanoparticulate mucosal immunotherapeutic ARTICLES difficulties in vaccine deployment that result in either ineffective or insufficient quantities of vaccine. 10 Moreover, the slow pace of current vaccine manufacturing through embryonated chicken eggs precludes rapid, widespread vaccination against highly virulent strains with the potential to cause pandemic disease, as was seen for the 2009 and 2010 influenza season. 11 In this study, we describe a novel vaccination platform designed to address the many limitations of current vaccine technology. We hypothesized that a vaccine that mimics closely the properties of a respiratory pathogen would stimulate optimal protective immunity in the lung, while simultaneously minimizing side effects. We focused on the following developmental criteria: nanoparticulate (10 -1,000 nm in size); inclusion of adjuvants known to potently activate antimicrobial pathways; 12 inclusion of short conserved influenza peptides sufficient to activate robust and potentially universal antipathogen memory T-cell responses; 13 and formulation for delivery to the respiratory mucosa, i.e., by aerosol. We report herein the immunological properties and efficacy of our bimodal product developed against mouse-adapted strains of influenza.
RESULTS

Designing a nanoparticulate airway mucosal vaccine
Our anti-influenza therapeutic was produced in two forms to elicit two modes of protection. Mucosal immunostimulatory therapeutic (MIT) consists of dilauroylphosphatidylcholine (DLPC) liposomes containing the adjuvants monophosphoryl lipid A (MPL) and trehalose 6,6 Ј dimycolate and, if prepared with short synthetic peptides derived from highly conserved regions of pathogen-derived proteins, is termed MITpep. Both preparations consist of nanoparticles (30 -100 nm) in aqueous solution suitable for intranasal or aerosol delivery. A complete description of the development of MIT and MITpep is provided in Supplementary Appendix 1 online.
MIT nonspecifically confers protection against lethal influenza infection
To determine the protective efficacy of MIT in vivo , C57BL / 6 mice were administered either MIT or DLPC vehicle 2 days before infection (day − 2). On day 0, mice were exposed to aerosolized influenza A or influenza B (LD 90 ) ( Figure 1a ). Despite the complete lack of viral immune epitopes, MIT conferred substantial protection against both influenza viruses, as assessed by survival, weight change, and symptom scores ( Figure 1b -d ) . Similar protective efficacy was observed in influenza A-infected BALB / c mice ( Figure 1e -g ). Thus, MIT administered acutely to the respiratory tract of mice conferred protection against diverse influenza strains.
Lung macrophages are a major cellular target of MIT
To gain insight into the critical lung cellular targets likely to confer MIT-dependent immunity against influenza, we determined changes in lung dendritic cell (DC) populations following intranasal administration of MIT. Although plasmacytoid DCs are powerful sources of type 1 interferons (IFNs) and are potent antiviral effector cells, 14 proportional representation of lung plasmacytoid DCs decreased in response to MIT, whereas that of myeloid DCs increased ( Figure 2a, b ) . These changes were specific to the lung because under the same conditions the relative abundance of myeloid and plasmacytoid DC populations in the spleen did not change ( Supplementary Figure S1a  online) . Surprisingly, however, we failed to detect fluorescent lung DCs (CD11c + / mPDCA-1 + lung cells) after mice had been challenged with a fluorescent version of MIT, suggesting that lung DCs interacted with MIT only inefficiently ( Figure 2c ). Furthermore, lung DCs isolated from mice treated with MIT or vehicle when adoptively transferred to syngeneic mice failed to protect against influenza A infection ( Figure 2d, e ) . These findings cannot alone rule out a significant contribution of lung DCs in this model, but suggest that other lung cells may be targeted by MIT and confer greater protection against influenza.
Therefore, we next focused on macrophages, the major phagocytic cell of the lung that is also capable of efficient T-cell activation. 15 Fluorescence microscopy analysis confirmed that naive alveolar macrophages were able to internalize fluorescent liposomes in vitro ( Figure 3a ). To confirm that macrophages are functionally important cellular targets of MIT, we adoptively transferred MIT-treated bone marrowderived macrophages to mice. In contrast to MIT-treated DCs, MIT-treated macrophages substantially protected mice against a lethal challenge with influenza A ( Figure 3b ). These studies indicate that lung macrophages are a major cellular target conferring protective immunity against influenza following activation by MIT.
MIT enhances lung secretion of antiviral cytokines and inhibits viral replication
To further elucidate the protective mechanisms of MIT in this model, we determined lung cytokine responses induced in response to MIT in influenza A-infected mice. C57BL / 6 mice were treated intranasally with MIT or vehicle 2 days before influenza A infection, after which whole lungs were collected on days 0, 2, 4, 6, 8, and 30 after infection for quantification of cytokines and viral titers. Substantial increases in interleukin (IL)-10, IL-12, and tumor necrosis factor were detected after day 4 in both infected / untreated lungs and after treatment with DLPC vehicle before infection ( Figure 4a, b ) . In contrast, MIT treatment elicited approximately 10-and 5-fold higher IL-17A and IL-12 responses on days 0 and 8 after infection, respectively ( Figure 4c ). However, whereas infection of naive and vehicle-challenged mice resulted in high-level secretion of IFN-especially at day 6 after infection, MIT-treated animals showed relatively increased IFN-responses at the earlier time points, including before infection (day 0) and relatively reduced responses at day 6 and thereafter ( Figure 4d ). Similar trends were observed with lung IL-6, IL-1 , and IL-1 levels ( Supplementary Figures S2 and  S3 online) . These divergent cytokine responses corresponded to lung viral burdens that were much lower (up to 1,000-fold) in MIT-treated animals at all time points where virus was detectable ( Figure 4e ). Thus, MIT treatment induced the production of several cytokines with antiviral effects, including IL-12, 16, 17 IL-6, 18 and IL-1 . 19 
ARTICLES
MIT mediates protection against influenza through innate and adaptive immune cells and TRIF: TIR-domain-containing adapter-inducing interferon-␤
We performed additional studies to determine if MIT protected mice through innate, adaptive, or both immune systems. Recombinase activating gene 1-deficient (Rag1 − / − ) mice that lack adaptive immune cells were challenged with MIT followed by influenza infection as in Figure 1a . Although most MIT-treated Rag1 − / − mice ultimately succumbed to infection ( Figure 5a ), the time to death was significantly extended overall; one mouse survived to 30 days with no apparent residual disease ( Figure 5a -c ) . Moreover, death in some MIT-treated Rag1 − / − mice was not solely because of pneumonitis, as seen in wild-type mice ( Supplementary Figure S4 and Supplementary Video 1 online), but also likely because of viral encephalitis, as assessed by pronounced ataxia manifested in moribund animals (3 / 10 MIT-treated mice) and a positive brain viral culture that was determined post mortem in one ataxic animal ( Supplementary Figure S5 online ). These studies demonstrate that adaptive immune cells, especially T cells, are necessary for full protection conferred by MIT, but that innate immune defenses are also requisite in this regard and, in some instances, may alone be sufficient for complete protection.
Moreover, these findings emphasize that a principal function of adaptive immune cells is to confine replicating virus to the lung and prevent dissemination to the central nervous system. 20 Toll-like receptor (TLR) ligands such as lipopolysaccharide are known to activate more than one pathogen-associated molecular pattern receptor; thus, we considered the possibility that MPL and trehalose 6,6 Ј dimycolate activate both TLR-dependent and TLR-independent pathways. 21 To determine this, the protective efficacy of MIT was assessed in mice with disruptions of major TLR signaling pathways (MyD88 − / − and TRIF − / − mice; Figure  5d -f ). Unexpectedly, MIT essentially fully protected MyD88 − / − mice; moreover, weight loss and symptom score data revealed that a functional MyD88 gene was associated with enhanced weight loss and more severe symptoms ( Figure 5e , f ). In contrast, MITtreated TRIF − / − mice showed marked susceptibility to infection, with only 1 of 10 animals surviving long term ( Figure 5d -f ). These findings are in agreement with the previous observation that MPL is a TLR4 agonist that signals predominantly through TRIF. 22 Enhanced production of antiviral cytokines correlated with inhibition of viral replication at early time points, potentially accounting for the beneficial effect of MIT in vivo ( Figure 4e ) . Although IL-1 and were most strongly induced by MIT Together, these data demonstrate that innate and adaptive immune cells interact cooperatively to mediate MIT-based protection.
Moreover, TRIF and type I IFNs are critical components of the protective efficacy of MIT, but other independent signaling pathways contribute significantly to MIT-based protection.
MITpep induces broad influenza protection and long-term memory T-cell responses
Although MIT conferred broad-spectrum protection against influenza, the duration of protective efficacy was limited to 5 days after a single challenge (data not shown). Moreover, MIT contains no peptide epitopes and is therefore not a 
ARTICLES
pathogen-specific vaccine. To develop an influenza-specific mucosal vaccine based on MIT, short, highly conserved myristylated peptides derived from matrix 2 (M2) (2 -24) , hemagglu- 
Initial experiments with MITpep revealed that 100 % protection against influenza required a minimum of three intranasal challenges with infection occurring 7 days after the final vaccination (data not shown). We then compared the protective efficacy of MIT against MITpep using this protocol ( Figure 6a ). These studies confirmed the much greater efficacy of MITpep relative to MIT ( Figure 6b -d ; 10 / 10 vs. 2 / 10 survivors; P < 0.05).
Relative to MIT, the increased time required to achieve maximal MITpep protection suggested that adaptive immune B and / or T cells were required. However, analysis of serum of vaccinated mice revealed no virus-neutralizing antibodies. Moreover, although a weak serum anti-M2 peptide IgG1 response was observed, no IgG2a or airway IgA responses to any peptides were detected ( Supplementary Figure S6 online) . Together with the observation that MIT failed to substantially protect Rag1 − / − mice ( Figure 5a -c ) , these findings indicate that the protective efficacy of both MIT and MITpep is mediated largely through T cells.
MITpep elicited complete protection against three diverse influenza strains in C57BL / 6 mice (H-2 b ) ( Figure 6e -g ) and substantially protected two additional major histocompatibility Figure 6j ). These data indicate that MITpep elicits multiple peptide-specific T-cell responses that at least acutely are confined to the lung.
Finally, we explored the duration of MITpep efficacy. Whereas mice challenged three times with MIT exhibited poor (2 / 10) survival when infected 7 days after the final exposure ( Figure 6b ), 9 / 10 of mice immunized identically with MITpep survived when infected 42 days after the final vaccination ( Figure 6k ). However, efficacy was entirely lost by 60 days after completing the vaccine series ( Figure 6k ). This finding indicates either a loss of previously extant lung resident antiviral effector / memory cells or the failure entirely to generate effector / memory T-cell responses. To distinguish these possibilities, mice received a booster immunization with MITpep 90 days after the initial vaccination series and were infected with influenza 7 days later. A single MITpep boost improved survival from 0 to 40 % ( Figure 6l ). Moreover, vaccine boosting restored NP tetramer-positive CD8 T cells to lung in a manner that was not seen with a single MITpep challenge of naive animals ( Figure 6m and data not shown). Thus, MITpep induced broad-spectrum protection against influenza and complete long-term protection that was durable for a minimum of 6 weeks. Moreover, protective efficacy could be readily boosted concomitant with the rapid restoration of NP-specific CD8 T cells to the lung.
DISCUSSION
The major limitation of current influenza vaccination practice is the requirement for annual reformulation because of antigenic shift and drift that are characteristic of this and other viruses. 25 The complexity of current vaccine manufacturing procedures further impairs the ability of public health systems to respond efficiently to the added threats of epidemic and especially pandemic influenza. 11 We have developed and tested a new approach to influenza vaccination that obviates in part these concerns. Rather than deriving immune epitopes from whole virus, we chose a largely synthetic approach involving short, highly conserved peptides. This vaccine design represents a marked departure from the current strategy of inducing predominantly antibody responses to prevent infection to one that emphasizes highly specific T-cell responses that sharply limit viral replication following infection, thereby limiting disease expression and the potential for lethal dissemination.
Our resulting nanoparticulate products, MIT and MITpep, are liposomal and delivered directly to the respiratory tract by intranasal application, or potentially by aerosol. Based on the criteria of survival, weight change, and symptom score, MIT elicited profound protection against influenza despite lacking canonical epitopes (i.e., full-length HA and NA proteins). MIT preferentially targeted lung macrophages, induced secretion of antiviral cytokines, and provided immediate protection against multiple influenza A and B strains in mice of diverse genetic backgrounds. MITpep further induced expansion and recruitment to lung of peptide-specific T cells in the absence of neutralizing viral antibodies and provided similar, but much greater, duration of protection relative to MIT. Together, these findings indicate that MITpep induces synergistic innate immune and adaptive T-cell memory responses through activation of macrophages with the potential to provide universal protection against influenza. We believe that this new approach to vaccination is applicable to influenza and other respiratory infections affecting diverse populations.
Although MIT and MITpep were designed with the objective of mimicking an infectious agent to most efficiently induce virus-neutralizing immunity, several lines of evidence indicate that MIT and MITpep induce atypical and possibly unique anti-influenza immune pathways. First, macrophages, and not DCs, were found to be essential cellular targets of MIT. This was unanticipated given the importance of DCs to influenza immunity as previously shown in the naive host. 26 -31 Protective roles for macrophages in influenza have been identified, especially in previous studies of liposomal vaccines. 32, 33 However, through TRAIL, macrophages mediate airway epithelial cell death, lung fluid exudation, and mortality in influenza, especially if unconstrained by CD200. 34, 35 Thus, MIT and MITpep appear to induce protective immunity against influenza in part by inducing protective, and bypassing potentially lethal, macrophage activation pathways as seen with infection of naive animals.
Furthermore, although recognition of influenza requires TLR7 signaling through MyD88, 36 adaptive immune responses against native influenza infection were found to be variably dependent on these molecules, with antibody responses requiring both TLR7 and MyD88, whereas T-cell responses required no TLR signaling. 37 Our findings with MIT emphasize that immunity against influenza is inherently flexible and that MIT specifically harnesses protective immune pathways through TRIF and most likely TLR4, while avoiding potentially injurious pathways through MyD88 that are activated by virus in unvaccinated hosts.
Consistent with previous observations, 38 our findings indicate that mucosal application of the vaccine to the target organ (airway) is superior to systemic administration. This is demonstrated by the rapid viral clearance elicited by topically applied MIT ( Figure 4e ) and the inability of MIT or MITpep to elicit any degree of protection if given intraperitoneally or subcutaneously ( Supplementary Figure S10 online) . Local induction by MIT of antiviral cytokines ( Figure 4 ) is one such mechanism of local antiviral effect. Further study is required to demonstrate if MIT is capable of inducing complementary or alternate antimicrobial pathways involving IFITM (IFN-induced transmembrane) proteins, 39 Nod 1 and 2 (nucleotide-binding oligomerization ARTICLES domain containing 1 and 2), 40 IL-17 A, 41 and retinoic acid inducible-gene I (RIG-I). 42 MIT was alone capable of inducing protective immunity in the absence of virus-specific epitopes because of the MPL and trehalose 6,6 Ј dimycolate components. This nonspecific protective response is consistent with previous studies demonstrating the ability of compounds, including cholera toxin, polyprenols, flagellin, and bacterial lysates, to protect against unrelated infectious agents by activating airway innate immune defenses. 43 -46 Thus, although the typical lung immune response to innocuous antigens is tolerogenic, 47 our studies emphasize that the lungs perceive potentially dangerous infectious agents and rapidly activate effective countermeasures through diverse innate molecular pathways.
Many previous attempts to use M2, 48, 49 HA, 50 and NP proteins 51 to achieve broad-spectrum protection against influenza have been made. However, these studies have relied on the generation of " universal " antibodies that cross-react against diverse influenza strains -an approach that has yet to be proven practical in diverse populations. 52 Limited success using immunodominant cytotoxic T-cell epitopes derived from NP has also been demonstrated using liposomal influenza vaccines applied intranasally, but the requirement of anti-CD40 antibodies as adjuvants limits the practicality of this approach. 53 The greatest conceptual advance revealed through our studies is that T cells are alone sufficient to provide complete protection against diverse influenza strains, and potentially extending to avian (H5N1) and swine (H1N1) influenza. The major potential drawback to this approach is that the duration of protective immunity was relatively short lived, despite generating durable ( ~ 8 weeks) memory T-cell responses ( Figure 6l, m ) . We hypothesize that susceptibility to infection re-emerges following vaccination because of the in situ loss of memory-effector T cells that are required at the onset of infection. 54 Such cells are clearly recalled quickly to the lung following infection of vaccinated mice in which immunity has waned ( Figure 6m ), but the rapid pace of infection because of these mouse-adapted influenza strains appears to overwhelm even a brisk recall of memory T-cell response.
It should be noted, however, that the experimental infections used here are far more lethal than conventional or even pandemic influenza in humans and in this regard are not representative of naturally occurring disease. Consequently, the actual duration of efficacy of our vaccination if applied to humans cannot be determined from these studies alone. We predict that following full vaccination with MITpep in humans, annual or semiannual influenza infections will continue to occur, but are likely to be either asymptomatic or low grade. Such minor infections in a T-cell-vaccinated host represent an ideal response to influenza or, indeed, any infectious agent as they will activate the same protective T-cell subsets, yet elicit distinct antibody profiles with minimal host morbidity. The resulting combined immune response should reinforce protective T-cell memory responses, and the antibodies and T cells generated will likely prevent or reduce the severity of disease because of the same and heterosubtypic influenza strains. 55, 56 The overall level of herd immunity should therefore improve with widespread vaccination, thereby reducing the severity of annual epidemics and reducing, if not eliminating, the possibility of pandemic disease.
In summary, we have shown that airway vaccination results in a highly effective and localized immune response that affords immediate and durable protection against a lethal viral pathogen through both innate-and T cell-based immune responses. By emphasizing T cell-dependent and not antibody-dependent immunity, the described method uniquely offers a practical means of achieving multistrain, if not universal influenza protection. The largely synthetic " plug-and-play " platform design further allows for the rapid development and testing of vaccines against virtually any infectious organism for which the sequence of target proteins is known.
METHODS
Mice . C57BL / 6, BALB / c, and CBA / J females, 4 -6 weeks old, were purchased from Jackson Laboratories (Bar Harbor, ME). Rag1 − / − breeder mice were also purchased from Jackson Laboratories. MyD88 − / − and TRIF − / − mice were the kind gifts of S. Akira (Osaka University, Japan). IFN / R − / − mice were originally generated by Dr Michel Aguet. 57 All mice were bred in Baylor College of Medicine ' s transgenic animal facility, accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Animals were housed under pathogen-free conditions and mouse experiments were conducted in accordance with all institutional and federal guidelines. Liposome preparation . DLPC (Avanti Polar Lipid, Alabaster, AL) was initially dissolved and mixed in pre-warmed (50 ° C) tert -butanol and dimethylsulfoxide to generate a homogeneous mixture of lipids and organic solvents. TLR ligands and peptides were then added to the mixture in a 1:5 molar ratio of epitopes to lipids. The lipid solution was then frozen at 0 ° C for 24 h. The lipid cake was placed on a vacuum pump and lyophilized until dry for 24 h. Samples were rehydrated in phosphatebuffered saline, vortexed for 1 min, sonicated in a water bath for 1 min, and vortexed again for 1 min before administration. Fluorescent lipid (1-myristoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]lauroyl}-sn-glycero-3-[phospho-rac-(1-glycerol)] (ammonium salt)) was also purchased from Avanti Polar Lipid.
Immunization and infection challenge . MIT (50 l) or DLPC vehicle were administered intranasally to animals once on day − 2 before influenza infection (day 0). MITpep (50 l) or DLPC vehicle were administered intranasally on days − 21, − 14, and − 7. On day 0, mice were infected with either aerosolized LD 90 of influenza A (A / PR / 8 / 34 (H1N1) or A / HK / 8 / 68 (H3N2) or influenza B / Lee / 40. Animals were placed in an enclosed chamber with oxygen supplied through a tube connected to an air pump and virus was aerosolized for 20 min at 10 l min -1 . Survival, weight change, and symptom scores ( Supplementary Table S1 online) were assessed and monitored for 20 days post infection.
Adoptive transfer of lung DCs . Mice were challenged with MIT or DLPC vehicle on day − 2, and on day 0, lung DCs were enriched from lungs using pan-DC (CD11c and anti-mPDCA-1) paramagnetic microbeads (Miltenyi, Auburn, CA) and injected intratracheally (1.5 × 10 6 cells) into ARTICLES recipient mice. 58 At 24 h after adoptive transfer, recipients were challenged intranasally with a LD 90 of influenza A / HK (H3N2). Data were collected 24 h later.
Isolation of alveolar macrophages . Lungs from naive C57BL / 6 mice were harvested and single-cell suspension was made by manually pushing the organ through a 40 m mesh. Alveolar macrophages were enriched using CD11b paramagnetic microbeads (Miltenyi). Sample purity was analyzed via flow cytometry using allophycocyanin-Alexa Fluor 750 F4 / 80 (eBioscience, San Diego, CA) and Phycoerythrin-CD11b (BD Biosciences, San Jose, CA) antibodies to identify macrophage populations. CD11b + / F4 / 80 + macrophages comprised 90 % of the enriched cell population.
Adoptive transfer of bone marrow-derived macrophages . Because insufficient alveolar macrophages could be obtained for in vivo adoptive transfer experiments, bone marrow-derived macrophages were used. Bone marrow cells were harvested from C57BL / 6 mice and cultured in the presence of L929 cell supernatant (source of macrophage colonystimulating factor), fetal bovine serum (Hyclone, Waltham, MA), and Dulbecco ' s modified Eagle ' s medium (Life Technologies, Carlsbad, CA) for 5 days for differentiation. On day 6, macrophages were harvested and incubated with either MIT or DLPC vehicle for 2 h before intratracheal injection (1.5 × 10 6 cells). For intratracheal injection, mice were anesthetized with etomidate (14 mg kg -1 ), and orally intubated with a sterile 1.25 Љ 20-gauge angiocatheter (Protect IV, Medic, Carlsbad, CA) using a tuberculin syringe. At 24 h after adoptive transfer, mice were challenged intranasally with LD 90 of influenza A / HK (H3N2). Data were collected 24 h later. Determination of lung viral titers . On days 0, 2, 4, 6, 8, and 30 after immunization with MIT or DLPC vehicle, mouse lungs were collected and rinsed in sterile water to lyse excess red blood cells. Lungs were resuspended in Dulbecco ' s modified Eagle ' s medium and homogenized using a glass bead beater (Biospec Products, Bartlesville, OK). Samples were diluted in Dulbecco ' s modified Eagles ' medium containing 0.05 % trypsin (Worthington Biochemical, Lakewood, NJ), centrifuged for 5 min, and supernatants were serially diluted in 96-well round-bottom plates (Fisher Scientific, Atlanta, GA). Samples were then transferred to 96-well round-bottom plates containing MDCK (Madin Darby canine kidney) cell monolayers. Lung dilutions and MDCK cells were allowed to incubate for 5 days, and then visualized for characteristic adherence of turkey red blood cells (Fitzgerald Industries, Concord, MA).
Quantification of cytokines from lung homogenates . Cytokines (IL-1 , IL-1 , IL-4, IL-6, IL-10, IL-12, IL-13, IL-17A, IFN-, and tumor necrosis factor) were quantitated from samples collected for lung viral titers by luminex-based multiplex assay (Milliplex; Millipore, Billerica, MA) using a Bioplex analyzer (Bio-Rad, Hercules, CA).
Quantitation of cytokine-producing cells . Total lung IFN-and IL-4-secreting cells were quantitated on day 0 after 3 × intranasal immunization with MITpep or vehicle on days − 21, − 14, and − 7 by enzyme-linked immunosorbent spot assay as previously described. 59 Total nucleoprotein peptide-reactive cells from lungs were determined by enzyme-linked immunosorbent spot assay after stimulation of whole lung leukocytes with 100 l of nucleoprotein peptide (4.5 g l -1 ) for 48 h.
Statistics . Data are presented as means ± s.d. and are representative of at least three independent in vivo experiments, with 5 to > 10 mice per group as indicated. Significant differences ( P р 0.05) were determined using the Mann -Whitney nonparametric t -test or log-rank test to determine statistical differences in survival studies.
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